In this paper the active device for a class E amplifier is modelled as switch in series with a turn on resistance 'R on '. Assuming an ideal harmonic load is used the switch equations for the voltage and current waveforms are reviewed and then used to examine how 'R on ' affects the efficiency of dc to ac power conversion. This ideal harmonic network is assumed to have optimum input impedance at the design frequency and an open circuit at all harmonics of the current waveform. In a practical amplifier the ideal harmonic network cannot be realised and therefore it is normally replaced by a series resonant circuit. This circuit is designed to have the required optimum input impedance at the design frequency and a high 'Q' factor to reduce the harmonic currents in the load resistance. It is not possible to obtain an analytical solution to show how the losses due to the harmonic currents affect efficiency. Consequently a Genetic Algorithm (GA) based on a stochastic search method is used obtain a design graph to show the relationship between the 'Q' factor, the resonant of the above circuit and efficiency. The effect of 'R on ' and the 'Q' factor on the efficiency and the efficiency bandwidth is also investigated.
I. INTRODUCTION
Due to an increasing demand for battery operated wireless communication systems there is a need for a high efficiency of dc to ac power conversion in power amplifiers used in a transmitter module. High efficiency is obtained in switched mode power amplifiers by minimising the power dissipated in the active device. In these amplifiers the active device is switched between the pinch-off and saturation modes. To reduce the overlap of the voltage and current waveforms and obtain high efficiency a load harmonic network is used [1] [2] [3] . A high efficiency class E power amplifier was first proposed by Sokal et al [4] . An external capacitor was placed at the output and in parallel with the active device and a series resonant circuit with a high 'Q' factor was used as a harmonic network. The rise of the output voltage was delayed when the active device is switched 'off' and when it was turned 'on' the output voltage reached its minimum value gradually. Raab, [5] by modelling the active device as a lossless switch, derived the design equations assuming the duty cycle was 50%. Kazimierczuk [6] analysed the circuit of this amplifier for any value of the 'Q' factor and duty cycle while Gaudio [7] produced a more detailed analysis by including the effect of the active device characteristics. In [7, 8] explicit design equations were derived by taking into account the finite value of the choke inductance.
In this paper for an ideal harmonic load, the switch voltage and current equations are reviewed and used to investigate how R on affects the overlap of the voltage/ current waveforms and efficiency. As the ideal harmonic network can not be practically realised it is replaced by a series resonant circuit. R on is assumed to be zero and GA [9] is used to investigate how losses only due to the harmonic currents affect efficiency and efficiency bandwidth. Then the output stage of the amplifier is modelled using ADS software to investigate how R on and the 'Q' factor affect the efficiency and efficiency bandwidth.
II. EFFECT OF THE TURN 'ON' RESISTANCE ON THE

VOLTAGE, CURRENT WAVEFORMS AND EFFICIENCY
An equivalent output stage of a class E amplifier is shown in Fig. 1 where the active device is modeled by a switch and the turn on resistance R on .The external capacitor 'C s ' is placed at the output terminals of the active device and together with the optimum harmonic load ensures that the overlap of voltage and current waveforms is minimized [10] .
The required equations for the optimum input impedance of the load harmonic network at the design frequency and harmonics are given below. As no power is developed in the load resistance R L by the harmonic currents maximum efficiency is obtained.
The other requirement to obtain maximum efficiency is that the form of the load current at the design frequency is given by (2) where the constants 'a' and ' need to be dtermined.
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For R on not equal to zero, V s1 (t) is the voltage waveform in the period 0 and V s2 (t) the voltage waveform in the period ( (see Fig. 3 (b)).
For the above two voltages (3) and (4) 
The constants 'φ' and 'a' in (5) and (6) are obtained by applying the following conditions for V s1 (t) and V s2 (t), which are different to those quoted in [12] .
(1) 0 and are equal to ensure that the switch voltage waveform is periodic.
(2) The voltages V s1 (t) and V s2 (t) are both zero when t= T s /2.
Condition (2) is different to that used in [11] where the derivative of V s1 (t) at Ts/2 was assumed to be zero which is not valid (see Fig. 3 (b).
tan .
Figs. (2) and (3) show the effect of R on on the switch voltage and current waveforms. When R on = 0 Ω, the two waveforms in Figs. 2(a) and 3(a) do not overlap as V s2 (t) is zero (see equation (4) Using (3) and (4), the input dc power P dc , ac output power P out and the power dissipated P diss in R on. are given by (7), (8) and (9). 
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ATST-7 Table I below shows how P dc , P out , P diss and efficiency (η = P out / P dc ) are affected as R on increases from 0 to 4 Ω, The above table shows that both P dc and P out decrease and P diss increases as R on increases. Due to the three effects the efficiency of power conversion decreases. The efficiency decreases from 100 % for R on = 0 Ω to 78 % when R on = 4 Ω.
III. EFFECT ON EFFICIENCY BY THE HARMONIC CURRENTS IN THE LOAD RESISTANCE
It is not possible to realize practically the ideal load harmonic network which ensures that no power is lost in the load resistance by the harmonic currents. In this section the ideal load harmonic network is replaced by a series resonant circuit. Then GA is used to investigate how the 'Q' factor of the circuit affects the power loss due only to the load harmonic currents and how this loss affects the efficiency of power conversion.
It is assumed that R on = 0 Ω so that no power is dissipated in the switch. Only power is therefore developed in the load resistance by the currents at the design frequency and the harmonics. As the amplitudes of the harmonic currents decrease rapidly only two harmonics are used to obtain the power dissipated in the load resistor. In this investigation a typical value of C s = 1 pF is used and a design frequency is f s = 2GHz.
The optimum input impedance [5] at the design frequency of the load network is Z in = R opt + jX opt , R opt is the load resistance of the series resonant circuit.
The input impedance at the design frequency 'f s ' and the harmonics of 'f s ' of a series resonant circuit is given by (10) where ω 0 is the resonant frequency.
To obtain maximum efficiency 'η' the GA searches for the maximum value of an objective function in (11), ;
P 2 and P 3 are the powers dissipated by the two harmonic currents defined by the below equations,
The switch voltage at the fundamental frequency and the next two harmonics are shown in (13) [11] . 
The magnitudes of the currents at the two harmonics were specified to be 20 dB below the magnitude of the current at the design frequency. Fig. 4 shows the relationship between the resonant frequency, the 'Q' factor and the efficiency of the power conversion. Figure 4 Relationship between resonant frequency, the Q factor and the efficiency of power conversion
From the above figure it can be seen that efficiency of 98% is obtained for a 'Q' factor as low as 2.9 and 84% for a 'Q' factor of 1.1. These results show that the harmonic currents have a very small a small effect on efficiency for a 'Q' factor greater than three.
IV. EFFECT OF R ON AND THE 'Q' FACTOR ON THE EFFICIENCY AND EFFICIENCY BANDWIDTH
The Harmonic-Balance (HB) option in the Agilent 'ADS' software was used to model the output stage of the amplifier (see Fig. 5 ) in order to investigate how the efficiency and efficiency bandwidth depends on R on and the 'Q' factor. The harmonic spectrum at the fundamental, second and third harmonics of the switch voltage/current waveforms is shown in Fig. 7 where the magnitudes of both harmonic voltage and current decrease rapidly. Table II shows that there is a good agreement for efficiency obtained in section 2 and from the simulated results in this section as R on varies from 0 to 4 Ω. In table III R on resistance has a major effect on the efficiency and only a minor effect on the bandwidth of the efficiency. The bandwidth of the efficiency has been defined as 10 % below the maximum efficiency obtained at the design frequency. From table IV it can be seen that the main effect of the 'Q' factor is on the bandwidth of the efficiency and on the resonant frequency. It only has a small effect on the efficiency of power conversion. From Tables II to IV it can be concluded that the main effect on efficiency is the property of the active device (R on ). The losses due to the harmonic currents in the load resistance are very small. Consequently it is possible to use a low Q factor for the series resonant circuit to obtain a wide efficiency bandwidth.
V. CONCLUSIONS
In this paper using GA, it is shown that the harmonic currents in the load resistance have a very small effect on the efficiency, provided that the 'Q' factor is greater than four. Therefore, in the design of a load harmonic network it is not critical to ensure that large input impedance is required at the harmonic frequencies. Consequently, a 'Q' factor of as low as four can be used to obtain a wide efficiency bandwidth and high efficiency. It has also been shown that the main effect of the R on resistance is to reduce the peak of the current waveform and to increase the overlap of the current and voltage waveforms. These two effects reduce efficiency. It is therefore important to choose the most appropriate active device with minimum R on. The above conclusions are also important in the design of a load harmonic network at high frequencies when it s necessary to replace the lumped circuit elements by transmission lines.
